Abstract: 3,3'-Dinitro-5,5'-diamino-bi-1,2,4-triazole (DABNT) was synthesized by a facile method and its crystalline density was determined as 1.839 g·cm −3 at 293(2) K by X-ray diffraction. Its thermal decomposition kinetics and mechanism were studied by means of differential scanning calorimetry-thermogravimetry (DCS-TG), in situ thermolysis by rapid-scan Fourier transform infrared spectroscopy (RSFTIR) and simultaneous TG-IR technology. The results showed that the apparent activation energies obtained by the Kissinger, Ozawa and Starink methods were 122.9 kJ·mol , 118.4 kJ·mol −1 and 138.7 kJ·mol −1 , respectively. The decomposition reaction process of DABNT starts with the transformation from a primary amine to a secondary amine and then the loss of one nitro-group from the DABNT structure. Gaseous products, such as N2O and H2O, were detected from decomposition in the range of 50-300 °C. Density functional theory (DFT) calculations were further employed to illustrate the decomposition mechanism. The above-mentioned information on the synthesis and thermal behaviour is quite useful for the scale-up and evaluation of the thermal safety of DABNT.
Introduction
, P = 32 GPa). Additionally, it is worth noting that its impact sensitivity (IS) is 78 J (corresponding to an h 50 exceeding 318 cm when the drop hammer is 2.5 kg) and its friction sensitivity (FS) is 360 N, which indicates that the sensitivities of DABNT are basically equal to those of the traditional insensitive high-energy explosive (IHE) 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) (h 50 exceeds 320 cm when the drop hammer is 2.5 kg).
The scale-up for new explosives centres on atom-economy and environmentally-friendly synthetic methods [29] , as well as their thermochemical properties [30] . Compared with previous methods, DABNT was prepared in this work by a facile synthesis, without separation of intermediates or chromatography (Scheme 1), which is suitable for the scale-up. Subsequently, the non-isothermal kinetic performance and decomposition behaviour were also investigated in detail.
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Experimental
Materials and instruments
All chemicals used in this research were analytical grade materials purchased from Alfa Aesar or J & K without further purification. 1 H and 13 C NMR spectra were recorded on a Bruker 600 MHz nuclear magnetic resonance spectrometer operating at 600 MHz and 150 MHz, respectively, and referenced to Me 4 Si. Elemental analyses (C, H, N) were carried out on an elemental analyzer (Vario EL Cube, Germany). Decomposition points (onset) were recorded on a differential scanning calorimeter-thermal gravimetric instrument (TGA/DSC1, METTLER TOLEDO LF/1100). The thermal stabilities of DABNT were determined by differential scanning calorimetry (DSC) and thermogravimetry (TGA) at heating rates of 5 K·min [10] and O-tosylhydroxylamine (THA) [31, 32] were synthesized according to literature methods.
3,5-Dinitro-2,2'-diamino-bi-1,2,4-triazole (DABNT): A mixture of BNT·2H 2 O (2 mmol, 0.5 g) and 1,8-diazabicyclo [5, 4 ,0]undec-7-ene (DBU) (4 mmol, 0.6 g) in acetonitrile (10 mL) was stirred at room temperature for 1 h. Freshly prepared THA (12.5 mmol, 1.4 g) in dichloromethane (30 mL) was added in one portion to this orange solution and the mixture was stirred for another 3 h. The precipitate was then filtered off and washed with acetonitrile (5 mL). The combined organic phases was concentrated and the final crude product was added to water (10 mL) with grinding to yield pure DABNT (as a white solid, 0.27 g, 56.4%).
1 H NMR (600 MHz, DMSO-d 6 ) δ = 7.52 ppm; 
Results and Discussion
X-ray diffraction and morphology
A colourless block of 0.30 × 0.25 × 0.20 mm for DABNT single-crystal analysis was mounted on a MicroMesh TM (MiTeGen) using a small amount of Cargille Immersion Oil. Data were collected on a Bruker three-circle platform diffractometer equipped with a SMART APEX II CCD detector. A Kryo-Flex low temperature device was used to keep the crystals at a constant 293(2) K during data collection. Data collection was performed and the unit cell was initially refined using APEX2. Data Reduction was performed using SAINT and XPREP. Corrections were applied for Lorentz, polarization, and absorption effects using SADABS. The structures were solved and refined with the aid of the programs using Direct Methods and least squares minimization by the SHELXS-97 and Copyright © 2017 Institute of Industrial Organic Chemistry, Poland SHELXL-97 programs [33, 34] . The full-matrix least-squares refinement on F 2 included atomic coordinates and anisotropic thermal parameters for all non-H atoms. The H atoms were included using a riding model. The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were located and refined. Crystals of DABNT are shown in Figure 1 , indicating that the crystal of DABNT is rectangular in shape. 
Non-isothermal decomposition properties
The investigation of the non-isothermal kinetic performance is increasingly important for the application and storage of newly-developed energetic materials [35] . According to the literature [28] , DABNT immediately decomposes without a melting-point. The DSC and TG curves of DABNT at different temperatures are shown in Figures 3 and 4 . It can be clearly seen that the decomposition peak of DABNT is 275.5 °C at a heating rate of 5 K·min
, which is higher than that of RDX (230 °C at the same heating rate). Additionally, DABNT possesses a main weight-loss of 89% before 500 °C at a heating rate of 5 K·min . To obtain the non-isothermal decomposition properties, such as apparent activation energy (E a ) and pre-exponential constant (A), after the exothermic decomposition reaction of DABNT, the methods of Kissinger, Ozawa, and Starink were employed as follows [36] [37] [38] . The kinetic parameter values determined by the three methods and the linear correlation coefficients are listed in Table 5 . It may be noted that the apparent activation energy (E a ) evaluated by the Kissinger, Ozawa and Starink methods agree well with each other, and the linear correlation coefficients are all close to 1, which suggests that the results are credible. In order, they were 122.9 kJ·mol , respectively.
Thermolysis in a slowly heated IR cell
Thermolysis/RSFTIR was used to analyze the condensed phase products of the thermal decomposition of DABNT under a linear temperature increase in real time. The IR spectra of DABNT at different temperatures are shown in Figure 5 . It is clearly observed that the absorption peaks of the amino groups disappear gradually after 270 °C, which means that most of the amino groups start to transform before the decomposition peak. As the temperature rose, most of the primary amine (−NH 2 ) vibrations between 3250 cm −1 and 3400 cm , which apparently belong to the absorption peaks of secondary amines (−NH−), were detected as the temperature rose towards the decomposition peak. Meanwhile, it was found that the vibrations of the nitro groups vanished more slowly than those of the amine groups. It is evident that peaks in the characteristic spectral range of nitro groups, in the ranges of 800-920 cm 
Thermal decomposition gas product analysis
To study the decomposition mechanism, TG-IR was used to analyze the gaseous products during thermal decomposition. The temperature range was set in the range of 50-300 °C, since the sample did not decompose significantly before 275 °C at a heating rate of 5 °C·min 
Bond-dissociation energies
The bond-dissociation energy can reflect the change of the standard enthalpy while a chemical bond is cleaved by homolysis [39] , which is helpful and frequently used in evaluating the thermal stability of energetic compounds in theoretical studies [40] [41] [42] [43] . In the present case, to analyze the weakest bond in the thermal decomposition, DABNT was firstly optimized by the density functional theory (DFT) method without imaginary frequencies and its geometrical structure is shown in Figure 7 . The bond-dissociation energies (BDEs) of DABNT were then calculated at B3LYP/6-31+G** level by Gaussian 09 program [44] and are listed in Table 7 
Conclusions
(1) We report a facile method for the synthesis of DABNT using the DBU salt of BNT and a dichloromethane solution of THA as the starting materials. Its structure was confirmed by optical spectroscopy, single-crystal XRD, NMR spectroscopy, elemental analysis and HRMS. (2) The thermal decomposition behaviour was studied by DSC-TG. During the evaluation of non-isothermal thermodynamics, the apparent activation energy (E a ) determined by the Kissinger, Ozawa and Starink methods was 122.9 kJ·mol , respectively. (3) The thermolysis mechanism was investigated by RSFTIR and TG-IR.
Based on the absorption-peak evolution of the amino or nitro groups in the condensed framework in the RSFTIR analysis, DABNT may merely lose one nitro-group during the initial stage of thermal decomposition, with a structural transformation from primary amino group to secondary amino group. The TG-IR analysis reveals that the main gaseous decomposition products are N 2 O and H 2 O at the initial decomposition stage. In addition, BDE calculations show that the bond strength of N−NH 2 exceeds that of C− NO 2 , which reveals that the C−NO 2 bond may break earlier than the N−NH 2 bond during the thermal decomposition.
